26 Livestock have been proposed as a reservoir for drug-resistant Escherichia coli that infect 27 humans. We isolated and sequenced 431 E. coli (including 155 ESBL-producing isolates) 28 from cross-sectional surveys of livestock farms and retail meat in the East of England. These 29 were compared with the genomes of 1517 E. coli associated with bloodstream infection in the 30 United Kingdom. Phylogenetic core genome comparisons demonstrated that livestock and 31 patient isolates were genetically distinct, indicating that E. coli causing serious human 32 infection do not directly originate from livestock. By contrast, we observed highly related 33 isolates from the same animal species on different farms. Analysis of accessory (variable) 34 genomes identified a virulence cassette associated previously with cystitis and neonatal 35 meningitis that was only present in isolates from humans. Screening all 1948 isolates for 36 accessory genes encoding antibiotic resistance revealed 41 different genes present in variable 37
49

INTRODUCTION
performed between 2014 and 2015 to isolate ESBL-E. coli and non-ESBL producing E. coli 88 from livestock at 29 farms in the East of England, United Kingdom (UK) (10 cattle (5 beef/5 89 dairy), 10 pig, and 9 poultry (4 chicken/5 turkey)) ( Fig. 1b) . A total of 136 pooled faecal 90 samples (34 from cattle, 53 from pigs, 49 from poultry) were collected and cultured. E. coli 91 was isolated from all 29 farms and ESBL-E. coli was isolated from 16 (55%) of these (Table  92 S1).The highest prevalence of ESBL-E. coli occurred in poultry farms (8/9), followed by pig 93 (5/10) and cattle farms (3/10). 94
A cross-sectional survey was performed in April 2015 to isolate ESBL-E. coli from 95 97 pre-packaged fresh meat products purchased in 11 major supermarkets in Cambridge, East 96 of England (5-16 products per supermarket, see Table S2 in supplemental material). These 97 originated from 11 different countries although the majority (69/97, 71%) were from the UK. 98
ESBL-E. coli was isolated from 19/97 (20%) products, of which 16 were chicken originating 99 from the UK (n=12), Ireland (n = 2), Hungary (packaged in Ireland, n=1) or multiple origins 100 (Brazil, Thailand and Poland, n=1) , and 3 were from turkey (n=2) and pork (n=1) from the 101
UK. 102
East of England between 2006 and 2012 (n=424) (16, 17) were combined with bloodstream 113 isolates submitted to British Society of Antimicrobial Chemotherapy from 10 further 114 hospitals across England and CUH (n=1093) between 2001 and 2011 , and full isolate listing in Table S1 ) (16, 17) . A potential limitation of this human 116 isolate collection is that they might over-represent hospital-acquired isolates, whilst a 117 comparison of E. coli from livestock would require a comparison of community-acquired 118 bacteria. Two analyses were undertaken to evaluate this possibility. First, we defined where 119 the bloodstream infection was acquired for 1303 cases for whom we had this information. 120
This demonstrated that 886/1303 (66%) cases were community-associated. We then 121 constructing a maximum likelihood tree of the invasive disease genomes to compare the 122 phylogeny of isolates associated with community-versus healthcare-associated disease (Fig. 123 S1) . This demonstrated that genomes from the two categories were intermixed and distributed 124 across the phylogeny, with no evidence of clustering by origin of infection. We concluded 125 that our invasive collection was likely to include strong representation of E. coli carried by 126 people in the community. 127 ST73, 131 and 95, whilst the three most common STs associated with livestock were ST10, 138 17 and 602 (Table S1 ). The greatest overlap in STs between the two reservoirs occurred in 139 ST10 (3%, 16%, 0% of human, livestock and meat isolates, respectively), and ST117 (1%, 140 8%, 20% of human, livestock and meat isolates, respectively). 141
Phylogenies based on single nucleotide polymorphisms (SNPs) in the core 142 (conserved) genomes of isolates representing CC10 (n=149) and CC117 (n=64) demonstrated 143 that human isolates were intermixed with livestock isolates in CC10, but were generally 144 distinct from livestock isolates in CC117 (Supplementary Figs. S2 & S3) . Pairwise SNP 145 analysis demonstrated that the most closely related human/livestock isolate pairs were 85 and 146 96 SNPs different for CC10 and CC117, respectively. The estimated mutation rate for E. coli 147 is one SNP/core genome/year (18, 19) , and so CC10 and CC117 isolates in humans and 148 livestock was not associated with recent transmission between the two groups. Combining the 149 study CC117 isolates with 7 publicly available ST117 genomes (ERR769196, ERR769195, 150 ERR769183, ERR769169, SRR1314275, SRR3410778 and SRR3438297) in a Bayesian 151 phylogenetic analysis provided further evidence for the lack of recent transmission between 152 human and livestock hosts in our study. The dated phylogeny revealed a UK cluster of 47 153 CC117 isolates (containing 44 turkey, 1 chicken and 2 human isolates), for which the 154 estimated time of most recent common ancestor (TMRCA) was 1989 (95% highest posterior 155 density interval [HPD] 1979 [HPD] -1996 , coinciding with the first global report of bla . 156
Of the 47 isolates, 36 (77%) carried bla CTX-M-1, which was uncommon in the rest of the 157 bacterial population. All 36 isolates were from turkeys, representing a bla CTX-M-1 poultry-158 associated lineage, for which the TMRCA was 2011 (95% HPD 2010-2013) ( Fig. S4) , 159 suggesting acquisition of bla CTX-M-1 by this lineage between 1989 and 2011. 160 We then compared the genetic relatedness of the 431 livestock/meat E. coli with the phylogenetic tree of the 1948 genomes based on 277533 core gene SNPs demonstrated high 163 genetic diversity overall, with limited phylogenetic inter-mixing between isolates from 164 humans and livestock (Fig. 1C ). Pairwise SNP analysis between human-and livestock/meat-165 associated isolates demonstrated a median SNP distance of 41658 (range 10 -47819, IQR 166 34730 -42348), with 5 and 1 human isolates falling within 50 SNPs of livestock and meat, 167 respectively ( Fig. S5 ). Network analysis based on a range of SNP cut offs captured just 2 168 (0.1%) human isolates (from hospitals in the South East and North West) that were within 15 169 SNPs of livestock isolates (2 pig and 1 turkey isolate from three different farms, Fig. 2 ). By 170 contrast, we observed highly related isolates (0-5 SNPs) from the same animal species on 171 different farms ( Fig. 2) . 172
We evaluated and compared the accessory (non-conserved) genome of the 1948 173 study isolates using principal component analysis (PCA). Principal components (PC) 1 and 2, 174 which accounted for 50.5% and 8.3% of the variation within the data, respectively, separated 175 the collection into two main clusters (referred to as Group 1 or Group 2). Group 1 176 predominantly contained human isolates and the other contained a mixture of human and 177 livestock isolates ( Fig. S6a ). PCA also showed that isolates from the same STs clustered 178 together and formed distinct sub-clusters within Group 1 and 2 ( Fig. S6b ). Table S3 lists the 179 top 100 genes from PC1 and PC2 that were most strongly associated with Group 1 or 2. 180 181 Genetic analysis of antimicrobial resistance genes and associated mobile genetic 182 elements. Screening of the 1948 isolates for accessory genes encoding antibiotic resistance 183 revealed that 41 different resistance genes were present in isolates from both humans and 184 livestock (Fig. 3a ). The prevalence of resistance genes in the two groups varied considerably, 185
with some predominating in one or other reservoir while others were common in both ( Fig.  186 3b). The seven most frequently shared genes (each present in >300 isolates) conferred resistance to beta-lactams (bla TEM-1 =882), sulphonamides (sul2=530, sul1=522), 188 aminoglycosides (strA=509, strB=478), and tetracyclines (tetA=423, tetB=335). The 189 predominant genes conferring resistance to extended-spectrum cephalosporins were bla livestock=32) and bla CTX-M-1 (human=1, livestock=82, meat=13). No 191 carbapenemase or colistin resistance genes were detected. 192
To better understand whether genes encoding resistance in isolates from livestock and 193 humans were carried by the same or different mobile genetic elements, contigs containing the 194 specific gene of interest were extracted and isolates clustered using hierarchical cluster 195 analysis based on contig presence/absence. This was performed for each of the 7 most 196 common resistance genes (bla sul2, sul1, strA, strB, tetA and tetB) where a single human isolate carrying this gene clustered with 23 animal isolates ( Fig. 4) . For 202 the nine resistance genes analysed, between 0.6% and 9.8% of human isolates carrying a 203 resistance gene shared a cluster with livestock isolates. The lowest frequency of relatedness 204 was observed for bla TEM-1 (3 clusters, involving isolates from humans=4, livestock=3), 205 followed by sul1 (3 clusters, humans=3, livestock=8), strA (6 clusters, humans=11, 206 livestock=22), tetA (6 clusters, humans=7, livestock=19), tetB (5 clusters, humans=11, 207 livestock=9), bla CTX-M-15 (1 cluster, humans=5, livestock=10) sul2 (9 clusters, humans=41, 208 livestock=38, meat=1), strB (8 clusters, humans=33, livestock=29) and bla CTX-M-1 (1 clusters, 209 humans=1, livestock=17, meat=6) (Table S4 ). Individual clusters often contained different Further characterisation of bla CTX-M plasmids was undertaken using long-read 213 sequencing. Two livestock-human isolate pairs positive for bla CTX-M-1 or bla CTX-M-15, 214 respectively, were selected for sequencing using the PacBio instrument. Illumina reads for 215 the entire study collection were then mapped to the complete plasmid assemblies of these 216 four isolates. The single bla CTX-M-1 positive human isolate contained an IncI1 bla CTX-M-1 217 plasmid that was highly similar (>99% identity and >98% coverage) to 28 livestock isolates 218 (chicken=18, chicken meat=8, pig=2) belonging to four different STs. By contrast, the 219 bla CTX-M-15 plasmid in the livestock (E01) and human (D01) isolate pair were dissimilar (17% 220 sequence shared at 99% ID) and had different replicon types (E01=IncHI2, D01=IncFIA 221 and FII fusion). The human bla CTX-M-15 plasmid (D01) was not identified in any other isolate 222 (human or livestock), while the livestock bla CTX-M-15 plasmid (E01) was found in other 223 livestock isolates from the same pooled faecal sample from 1 beef farm. 224
We then investigated whether bla CTX-M-15 could be shared on a smaller transposable 225 element. A 7926bp region encoding bla CTX-M-15 that was identical to a Tn3 transposon 226 previously identified from E. coli plasmid GU371928 (21) was detected in 22/32 (69%) 227 livestock isolates (pig=11, dairy cattle=11) from 4 farms, and 3/87 (3%) of bla CTX-M-15 -228 positive human isolates from 2 hospitals, one of which was located in the East of England. 229
This 7926bp region was flanked by 5bp direct repeats of TTTTA, indicating its potential for 230 transfer between isolates. 231 232 Plasmid-associated virulence genes. We detected a 10701 bp region in the human isolate 233 bla CTX-M-15 plasmid (D01) that was >99% identical and had >99% coverage to a previously 234 described virulence cassette found on large E. coli virulence plasmids associated with acute 235 cystitis and neonatal meningitis (22, 23) . This region contained genes encoding virulence and livestock and human isolates for this cassette showed that 28% of human invasive isolates 238 carried a highly similar element with >99% coverage against the 10701 bp region and all had 239 >99% sequence identity against the region covered. This virulence cassette was absent in all 240 livestock isolates. Carriage of this element was found in isolates from all 11 hospitals, in both 241 ESBL-positive (8%) and ESBL-negative isolates (24%), and in 51 STs. 242
243
DISCUSSION 244
We investigated the prevalence and genetic relatedness of E. coli from livestock, meat and 245 humans in a highly defined geographical region using a 'One Health' approach. ESBL-E. coli 246 was isolated from 55% of livestock farms, with a frequency of ESBL-E. coli in different 247 livestock species that was consistent with previous findings (24). In addition, ESBL-E. coli 248 was found in 20% of pre-packaged fresh meat products. The high prevalence of ESBL-E. coli 249 in chicken meat (16/30, 53%) is similar to previous studies conducted in the UK and the 250 Netherlands (12, 25, 26) . However, E. coli from livestock were not closely related to isolates 251 causing human disease in our region, suggesting that livestock are not a direct source of 252 infecting isolates and that human invasive E. coli are not being shared with livestock. By 253 contrast, highly related isolates were identified between the same livestock species on 254 different farms. Previous studies in the Netherlands that compared isolates from clinical and 255 livestock sources using MLST indicated that the same ST could be isolated from humans and 256 livestock (12) (13) (14) 27) . We replicated this finding for CC10 and CC117, but using the more 257 discriminatory sequence-based analysis identified that isolates from the two reservoirs were 258 genetically distinct. A study of cephalosporin-resistant E. coli in the Netherlands (15) 259 reported genetic heterogeneity between human and poultry-associated isolates but closely E. coli, an important feature of the study since the majority of E. coli human infections in the 262 UK are due to non-ESBL E. coli (16) . 263
Screening of E. coli isolates from livestock, meat and humans with serious infection 264 revealed the frequency of antimicrobial resistant genes in each reservoir and confirmed the 265 presence of similar antimicrobial resistance genes in both livestock and humans, including 266 bla sul2, sul1, strA, strB, tetA, tetB, and bla CTX-M-1 . These genes confer 267 resistance to four antibiotic classes, all of which are used in both livestock and humans (28). 268
This confirms their ubiquitous distribution but does not provide evidence for recent transfer 269 of genes between the two reservoirs. To address this, we hypothesised that recent sharing 270 would be associated with transmission via the same or highly related mobile genetic elements 271 (MGEs), as previously suggested for ESBL genes (15). Previous studies have highlighted the 272 challenge in reconstructing plasmids and other mobile elements encoding resistance genes 273 from whole genome sequencing (29, 30), hindering our understanding of the transmission 274 dynamics of resistance genes. We developed an approach to detect and genetically compare 275 mobile elements across our large study collection, with validation of findings for ESBLs 276 using long-read sequencing. The findings from this were consistent with predominantly 277 distinct mobile elements between livestock and humans, with an estimated 69/1517 (5%) 278 human isolates potentially sharing closely related antimicrobial resistance-associated mobile 279 elements with those found in livestock. Plasmid analysis led to the identification of a 280 virulence cassette associated previously with cystitis and neonatal meningitis (22, 23), which 281 was carried by a large multi-drug resistance IncFIA and FII plasmid. Screening of all study 282 isolates demonstrated that this was only found in human isolates. 283
A limitation of our study is that we did not include all possible sources of E. coli for 284 humans (for example, vegetables, fruits and pets), although a recent study found no E. coli 285 with CTX-M-15 (the dominant human ESBL type) in retail meat, fruit and vegetables in five UK regions (25) . We acknowledge that the E. coli from humans pre-dated the surveys of 287 farms and retail meat, but we accounted for this by identifying relatedness based on a 0-15 288 SNP cut-off given the estimated E. coli mutation rate of 1 SNP/core genome/year (18, 19) . 289
In conclusion, this study has not generated evidence to indicate that E. coli causing 290 severe human infection in our region were derived from livestock, with host-specific E. coli 291 lineages identified from hospitals versus farms. We identified limited sharing of 292 antimicrobial resistance genes between livestock and humans based on long-read sequencing 293 and analysis of mobile genetic elements. In addition, we found a known virulence cassette to 294 be specific to human invasive samples. Fisher Scientific). A median of 4 samples (range 1-5) were taken from each cattle farm, and a 306 median of 4.5 samples (range 3-9) were taken from each pig farm, resulting in a total of 85 307 pooled samples (34 cattle and 51 pig). In addition, caecal contents were collected from 2 308 deceased pigs at the time of necropsy. 309
Poultry reared at nine farms (4 chicken and 5 turkey) in the East of England were 310 sampled at two abattoirs between February and April 2015. Two sample types were taken for each farm: (i) pooled faeces with a total weight of approximately 50 g from 10-20 312 transportation crates immediately after the livestock were removed; (ii) pools of caecal 313 material from up to 10 birds after slaughter. Each sample was taken using a sterile scoop and 314 a sterile surgical scalpel was used for each caecal dissection. A median of 4 (range 2-4) 315 caecal pools and 4 (range 3-4) faecal pools were collected from livestock from each chicken 316 farm, and a median of 1.5 (range 1-2) caecal pools and 2.5 (range 2-3) faecal pools were 317 collected from livestock from each turkey farm. This resulted in a total of 49 pooled samples 318 (29 chicken and 20 turkey). All samples were immediately refrigerated at 4°C upon return to 319 the laboratory and processed on the same day. 320
In April 2015, 97 retail meat samples (beef 15, chicken 30, pork 42, turkey 7, venison 321 1, mixed minced pork and beef 1) were purchased from 11 supermarkets in Cambridge, UK, 322
with 5-16 meat products collected from each supermarket that were selected to capture 323 diversity in the products available. The country of origin for each meat product was recorded 324 and where multiple countries/regions were stated on the packaging, all names were recorded. 325 326 Microbiology. Pooled faecal samples were diluted 1:1 with sterile phosphate-buffered saline, 327 mixed vigorously, and 100 μl plated onto Chromocult® Coliform Agar (VWR, Leuven, 328 Belgium) and Brilliance™ ESBL Agar (Oxoid, Basingstoke, UK), which are selective 329 chromogenic agars that support the growth of coliforms and ESBL-producing organisms, 330 respectively. Agar plates were incubated at 37 °C for 48 hours in air prior to inspection. 331 Enrichment cultures were also used to detect ESBL-producing E. coli by adding 1 ml of 332 faecal preparation to 9 ml of tryptic soy broth containing 20 µg cefpodoxime and incubating 333 for 24 hours in a shaking incubator (150 rpm) at 37°C in air, before 100 μl was plated onto Preparation and culture of meat samples followed the European standard ISO 6887-337 2:2003. All exterior packaging was disinfected with alcohol prior to removal of meat. A 5g 338 sample of meat was aseptically removed, added to 45 ml peptone broth and homogenised 339 using a Stomacher® paddle blender (Stomacher®80 Laboratory System, Seward Ltd, UK) 340 for two minutes. Samples were transferred into 50 ml Falcon™ tubes and incubated in a 341 shaking incubator for 24 hours at 150 rpm at 37°C. After incubation, all samples, were plated 342 onto Brilliance™ ESBL agar and incubated at 37°C for 48 hours. In addition, swabs were 343 obtained from whole chicken carcasses and incubated in 3 ml brain heart infusion (BHI) 344 broth (FlOQSwabs™, Copan Italia spa, Brescia, Italy) in a shaking incubator for 24 hours at 345 150 rpm at 37°C. Following incubation, 100L was plated onto Brilliance™ ESBL agar and 346 incubated as before. One colony of presumptive ESBL E. coli was picked from each 347
Brilliance™ ESBL agar for further evaluation, with the exception of two meat samples where 348 two colonies were picked to represent each of two distinct colony morphologies. 349
All bacterial colonies suspected to be E. coli were speciated using Matrix Assisted 350 June 2016) that had been generated on an Illumina instrument and had the country, year and 401 source of isolation available were identified (ERR769196, ERR769195, ERR769183, 402 ERR769169, SRR1314275, SRR3410778, SRR3438297). These were mapped to the CC117 403 reference using SMALT, combined with the CC117 study isolates, and mobile elements and 404 recombination were removed as before. Dating of this lineage was completed using BEAST 405 v.1-8 (39) BEAST v.1-8 was run using the Hasegawa, Kishino and Yano (HKY) and gamma 406 substitution model. We compared combinations of three population size change models 407 (constant, exponential and Bayesian skyline plot) and three molecular clock models (strict, 408 exponential and uncorrelated lognormal). A Bayesian skyline population model and an 409 uncorrelated lognormal molecular clock were selected based on Bayes factors calculated 412 Detection of antimicrobial resistance and mobile elements. Acquired genes encoding 413 antibiotic resistance were identified using Antibiotic Resistance Identification By Assembly 414 (ARIBA), comparing the study genomes against an in-house curated version of the Resfinder 415 database (41-43) consisting of 2015 known resistance gene variants. Genes were classified as 416 present using an identity of 90% nucleotide similarity. Genes reported as fragmented, partial 417 or interrupted were excluded. 418
For all bla CTX-M-1 , bla CTX-M-15 , bla TEM-1 , sul1, strA, strB, sul2, tetA and tetB positive 419 isolates, whole genome assemblies were screened to identify the contig carrying the AMR 420 gene using the blastn application (44) with the AMR gene sequence as the 'query sequence'. 421
The identified contigs were then aligned against a previously curated database of complete 422
Enterobacteriaceae plasmids (45) in order to filter out sequences representing E. coli 423 chromosome fragments. For each AMR gene, a database containing unique AMR-carrying 424 contigs was created using cd-hit-est (46) based on 90% identity cut-off. To determine contig 425 carriage, for each of the eight AMR genes all isolates positive for that gene were mapped 426 against the respective gene-specific database of contigs using Short Read Sequencing Typing 427 (SRST2) using a minimum 90% coverage cut-off. The contig presence/absence data were 428 converted into a distance matrix and hierarchical clustering was performed using R function 429 hclust and the ward.D2 method. 430
To examine plasmids encoding the ESBL genes bla CTX-M-15 and bla CTX-M-1 , two pairs 431 of livestock and human isolates were selected for sequencing on the PacBio RSII Instrument 432 (Pacific Biosciences, Menlo Park, CA, USA) (n=4) and in silico PCR was used to perform 433 plasmid incompatibility group/replicon typing (47). These two genes were selected as they 434 were the most prevalent ESBL genes found in the 1948 isolates. The pair of bla CTX-M-15 435 positive isolates was selected as they contained 5 identical genes encoding antimicrobial resistance. The single human bla CTX-M-1 positive isolate in the collection was selected and a 437 livestock isolate with the most similar resistance gene profile was selected, with both isolates 438 containing 3 identical genes encoding antimicrobial resistance. DNA was extracted using the 439 phenol/chloroform method (48) and sequenced using the PacBio RS II instrument. Sequence 440 reads were assembled using HGAP v3 (49) Table S1 . 458
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